This paper introduces technical progress along the lines of the Kaldor-Verdoorn law within a neo-Kaleckian model of growth and distribution that incorporates the Sraffian supermultiplier mechanism. The key features of the model include the interactive effects of endogenous technical progress, the non-capacity-creating demand component that grows at an exogenous rate and, in its long-run version, a Harrodian adjustment mechanism. It turns out that, whereas the model converges towards the normal rate of capacity utilization, the main tenets of the Keynesian model are still valid in the long run as well as in the short run in the sense that all of the average rates of accumulation, capacity utilization, and technical progress are lower during the traverse after the propensity to save or the share of profits goes up. The conditions under which the productivity regime can be wage-led are examined, and the possible effects of an exogenous technical shift are also discussed.
INTRODUCTION
Even with all the bustle of 'the 4th industrial revolution,' the recent decade has witnessed an apparent slowdown in productivity growth. In the United States, for instance, the annual rate of growth of labor productivity has been around 1.3 percent on average since 2007. Since 2010, it has become even lower, at 0.5 percent. It goes without saying that these figures are in stark contrast to the one corresponding to the Golden Age of capitalism, which amounted to 2.8 percent for a 26-year average. A couple of different explanations for the recent stagnation have been put forth, and one of them is based on the observation that the productivity slowdown is a by-product of the Great Recession in the aftermath of the global financial crisis. With demand depressed and the expected growth rate of sales falling, firms can be reluctant to expand productive capacity, and defer or even cancel the introduction of new technologies into production processes, resulting in a productivity slowdown, as in the so-called Kaldor-Verdoorn law (McCombie 2002) .
The concept of the Kaldor-Verdoorn law has been provided recently with more empirical support. Reifschneider et al. (2015) argue that the sustained drop in productivity can be the result of a decline in investments, which implies that the recent productivity slowdown is an endogenous response to the contraction in economic activity. Anzoategui et al. (2019) embed the mechanism of the costly adoption of new technologies into a New Keynesian model and make the case that the fall in productivity following the Great Recession was an endogenous phenomenon reflecting the contraction in aggregate demand. In a similar vein, Mason (2017) emphasizes that the slow productivity growth in the recent decade can be understood as the result of weak demand.
The purpose of the present paper is to introduce technical progress along the lines of the Kaldor-Verdoorn law within a neo-Kaleckian model of growth and distribution that incorporates a non-capacity-creating demand component that grows at an exogenous rate. There has been a recent revival of interest among post-Keynesians for the role that this autonomous component of aggregate demand could play in the economy, arising from two strands. First, there are models that extend the arguments put forward by Serrano (1995a; 1995b) and by Bortis (1997) under the name of the Sraffian supermultiplier, as can be found in the recent works of Cesaratto (2015) , Freitas and Serrano (2015) , Pariboni (2016a) , Dejuán (2017) , and Serrano and Freitas (2017) . Cesaratto et al. (2003) discuss the role of technical progress in this kind of model. Second, there are models that incorporate the autonomous growth component within a neo-Kaleckian model of growth and distribution, as can be found in the papers of Lavoie (2014; 2016) , Allain (2015; , Dutt (2015; , Pariboni (2016b) , Nah and Lavoie (2017; 2018; Hein (2018) . It is this second strand which is at the heart of the present paper.
The present work starts from Lavoie (2016) , who shows how one can introduce an exogenously growing component of consumption into a neo-Kaleckian model of growth and distribution, with overall growth converging to the growth rate of exogenous demand. In this paper, we focus on the interactions between endogenous technical progress, the autonomous demand component, and a Harrodian instability mechanism. While the autonomous component of demand ultimately determines the long-run growth rate, endogenous technical progress amplifies the growth impact of capital accumulation in the traverse because faster capital accumulation raises the rate of technical progress. In addition, the paper endogenizes the parameters of the investment function so that the desired rate of accumulation responds to the actual rate of growth. It turns out that with this addition the model converges towards the normal rate of capacity utilization in the long run, but the main tenets of the Keynesian model are still valid in the short, medium, and long run, in the sense that the average rates of accumulation, capacity utilization, and technical progress are lower when we consider the whole duration of adjustments responding to an increase in the propensity to save or in the share of profits. Also we have examined the conditions under which the productivity regime can be wage-led, and long-run employment can be demand-determined.
We shall proceed as follows. In Section 2 we present the key elements of the model. Section 3 and 4 discuss the short-run and medium-run solutions respectively of the model. Section 5 discusses long-run solutions when the investment function incorporates a Harrodian mechanism. In all these sections we examine what happens if there is a change in some of the parameters, in particular the propensity to save, the share of profit, or the growth rate of the exogenous non-capacity-creating component of aggregate demand. In Section 6 we focus on the consequences of a change in the exogenous component of the growth rate of technical progress. Section 7 deals with the consequences of such a change for employment and Section 8 concludes.
THE ECONOMIC ENVIRONMENT
We extend a version of the neo-Kaleckian model of growth found in Lavoie (2016) , by adding to it considerations linked to an endogenous technical progress function. Our model will ultimately encompass the interactive effects of technical progress, the autonomous growth of a component of expenditures, and a Harrodian investment function. For simplification, we consider a closed economy without a public sector.
The model economy is populated by capitalists who own capital and workers who do not. The functional income distribution between these two income groups is assumed to be determined by political and institutional factors, and hence assumed in the model to be exogenously given. The rate of profit, the rate of utilization of capacity and the rate of accumulation of capital, along with the rate of technical progress, will be endogenously determined.
We deal with only Harrod-neutral technical progress, which is capital-embodied and concomitant with a decrease in the labor-to-output ratio. To be specific, technical progress in our model is assumed to be described by the standard Kaldor-Verdoon equation, as can be found in Kaldor (1978) , which can be interpreted as a variant of his technical progress function (Kaldor 1957) .
where λ 0 > 0 and λ g > 0. Here, λ denotes the growth rate of output per labor, and g the rate of accumulation. This specification postulates that the growth rate of labor productivity is positively associated with economic expansion due to dynamic increasing returns. Let us assume that a part of capitalists' consumption is an autonomous component Z and hence that the aggregate consumption of capitalists becomes
where s p is the marginal propensity to save of capitalists and P stands for profits. With this kind of consumption by capitalists, and under the assumption that workers do not save and that there is no depreciation, the saving function can be specified as follows:
where σ is capitalists' saving normalized by the capital stock K, π the share of profits out of national income, u the ratio of output to capital which is the proxy for the rate of utilization of capacity for a given K, and z ¼ Z=K.
For the investment function, we employ the following specification:
where g is the rate of accumulation, γ the variable which captures the effects of animal spirits, u n the normal or the target rate of capacity utilization, and with γ u > 0 and γ λ > 0. This specification explicitly assumes that the rate of technical progress increases the rate of accumulation, other things being equal, as can be found in previous neo-Kaleckian models such as those of Rowthorn (1981, p. 23) and Lavoie (1992, p. 318) . As long as productivity growth is fully embodied in the stock of capital, capitalists facing higher technical progress will increase the pace of investment in an attempt to gain from it. In other words, the pace of innovation is a shift parameter of the Kaleckian investment function. As recalled by Dutt (1990, p. 106) , this is an argument that was made earlier by Kalecki (1971, ch. 15) , and it was also supported by Steindl (1979, p. 7) . There is also quite a lot of similarity with the views endorsed by neo-Schumpeterians, who contend that firms and their bankers ride on waves of innovation so that technical progress ought to have a positive effect on investment.
Plugging (1) into (3), we have:
Solving for g, we get:
SHORT-RUN EQUILIBRIUM
The basic characteristics of model dynamics can easily be seen with the help of the notion of short-run equilibrium, where saving adjusts to investment. In the model, the condition for short-run equilibrium, where both z and γ are constant, is given by
with _ u ¼ ϕ 0 ðg − σÞ and ϕ 0 > 0. This implies:
where * denotes the value of a variable in short-run equilibrium. Note that, as is standard in neo-Kaleckian models, we assume the following Keynesian stability condition to hold:
Since γ u > 0, a necessary but not sufficient condition for inequality (9) to hold is that γ λ λ g < 1.
It is straightforward to check that an increase in the marginal propensity to save, s p , results in decreases in u Ã and g Ã in the short run. This confirms the paradox of thrift, which is a well-known result in the Keynesian/Kaleckian literature. Also a change in functional income distribution in favor of capital, to the detriment of labor, decreases u Ã and g Ã in the short run. This means that the present model generates wage-led, instead of profit-led, demand and growth regimes in the short run. The negative effects of an increase in the profit share on demand and growth are exerted via consumption demand:
In our model, the growth rate of labor productivity is positively affected by the rate of accumulation. Hence it follows that either an increase in s p or π decreases λ Ã in the short run. The contractionary effect on aggregate demand caused by either an increase in the saving propensity or a redistribution of income away from wages lowers the rate of technical progress through the Kaldor-Verdoorn effect. We may thus conclude that the productivity regime also turns out to be wage-led.
MEDIUM-RUN EQUILIBRIUM
For analytical tractability, in this paper we define a short, medium and long run, according to which variables are adjusting and which are not. We assume that the short-run position of the model economy is achieved by the adjustments of the rate of utilization of capacity u, while holding both the autonomous consumption to capital stock ratio z and the animal spirits γ as constant. Now, in the case of the medium run, we allow for changes in z while still taking γ as given.
We assume that Z increases at the exogenously given rate of g z over time. This way the Sraffian supermultiplier mechanism can be embedded into the model. Then z evolves according to the following law of motion:
Using (7) and rearranging, we have:
As shown with the help of (11), we can observe that the evolution of z follows a stable path owing to the short-run stability condition (9). In other words, the same condition guarantees stability in both the short and medium run.
It is natural to define the equilibrium condition in the medium run as:
with z > 0. Plugging (6) and (10) into (12), we can solve for the medium-run equilibrium value of z:
where ** denotes the value of a variable in the medium-run equilibrium. It can be noted that for z ÃÃ to be positive g z must be large enough, as is argued in Lavoie (2017, p. 196) :
Also we have:
We can evaluate the medium-run effects of an increase in either s p or π. From (13) and (16), it follows that
This medium-run adjustment to an increase in s p or π can be graphically illustrated as shown in Figure 1 . 1 Assume our economy is initially at a medium-run equilibrium. Once the share of profits increases, the rate of accumulation goes down in the short run. However, when we move beyond the short run, the curve representing equation (10) gets flattened and shifts up. At first z increases because the rate of accumulation, that is, the growth rate of the capital stock, falls short of that of autonomous consumption. This is reflected in the small arrow in the upper panel of Figure 1 . Now since _ z > 0 at the current value of z, which is z At the new medium-run equilibrium, the rate of capacity utilization, the rate of accumulation, and the rate of technical progress simply come back to their initial positions.
The changes in the functional distribution of income do not affect the medium-run position of the economy if we compare only the initial and final positions. However, when we consider the whole traverse of the economy between the initial and the final position responding to a relevant change, it is apparent that non-neutral effects emerge 1. From now on we will omit the impact of changes in s p since they are symmetric to those in π.
on the average rate of accumulation, the average rate of capacity utilization, the average growth rate of labor productivity, and hence on both the level of capital stock and the level of labor productivity. This is surely consistent with some of the main tenets of the Keynesian perspective. In the case considered above, the redistribution of income favoring capital has a negative impact on average values without having an impact on the steady-state values achieved in the medium run.
Then what about the effects of an increase in g z ? In the medium run, the line representing _ z=z ¼ 0 shifts up in a parallel fashion. The result is an increase in z ÃÃ . Note that z increases whenever the average growth rate of the capital stock is lower than g z . However, when g z itself increases, an increase in z does not imply a lower growth rate of the capital stock. Indeed, from (13), we have:
Comparing the initial and the new medium-run equilibrium, that is, after z reaches z ÃÃ 1 , and checking equations (14), (15), and (16), we can verify that the rate of utilization of capacity, the rate of accumulation and the rate of technical progress are all positively affected by an exogenous increase in g z . With z adjusting from z It should be noted that in general the medium-run equilibrium rate of capacity utilization is not equal to its normal or target rate, u ÃÃ ≠ u n . This means that the introduction of the Sraffian supermultiplier on its own does not bring our model to a fully adjusted position. Now let us consider the longer run. Although Kalecki (1971, p. 183) objected to theories based 'on such fallacious a priori assumptions as a constant degree of long-run utilisation of equipment,' it is often claimed that in the long run, all the endogenous variables -including the rate of capacity utilization -should converge to their fully adjusted values. As was first shown by Allain (2015) , somewhat paradoxically, the combination of an exogenous growth demand component with a Harrodian instability mechanism can bring about a convergence towards a fully adjusted position within a neo-Kaleckian model. To be specific, the long run is defined as the time period during which a Harrodian investment variable γ in the accumulation function (3) changes together with z and other endogenous variables in the present model. Notably, Harrodian instability occurs when the parameter γ becomes a variable which goes up whenever firms are confronted with a demand which is unexpectedly high, and hence if the rate of accumulation accelerates to any level that exceeds the sum of both the expected rate of sales growth in the absence of technical progress, which is γ, and the expected rate of growth of capital purely induced by technical progress, which is γ λ λ. Conversely, if the actual rate of accumulation is less than the expected growth rate of capital when technical change is taken into account, γ goes down.
where ψ > 0 and γ > 0. We interpret γ, which is a proxy for animal spirits -the sentiments and willingness among capitalists to invest -to be the expected rate of growth of capital when the effects of technical progress are ruled out. Here, because of the specification of our investment function as given by (3), it should be pointed out that γ cannot be understood as the expected or trend growth rate of sales in the presence of technical change, as is the case in a number of neo-Kaleckian models which do not have explicitly considered technical change. In this regard, γ must instead be only indirectly related to the growth rate of sales.
Straightforwardly from (3) we must have ψðg Ã − γ − γ λ λÞ ¼ ϕ 1 ðu Ã − u n Þ with ϕ 1 ¼ ψγ u > 0. Putting this together with equations (17) and (6), we have:
Using this Harrodian equation, we can form a Jacobian which governs the dynamics of the present system in a slightly modified manner, as found in Lavoie (2014; 2016) : The determinant and the trace are reduced to:
For this dynamic system to exhibit stability around its long-run equilibrium, DetJ should be positive and TrJ negative. We can see that the conditions for long-run stability in the model are fairly weak. The conditions are that: (i) the short-run Keynesian stability condition given in (9) should be met; and (ii) 0 < ϕ 1 < γ u . 2 Here, (ii) implies that Harrodian instability should be existent but not too severe, so that it can be tamed by the stabilizing forces of the co-evolution of z in the model, that is, ∂ð_ γ=γÞ=∂γ > 0, and ∂ð _ γ=γÞ=∂γ þ ∂ð_ z=zÞ=∂z < 0. Finally, our long-run equilibrium can be easily derived as follows:
where *** denotes the value of a variable in the long-run equilibrium. It should be noted that we must assume the following inequality to have a meaningful long-run equilibrium. Otherwise, z ÃÃÃ may take on non-positive values.
We can examine the dynamics of the system using a phase diagram defined on the ðz; γÞ space. From (18) and (10), we can derive two demarcation lines where _ γ=γ ¼ 0 and _ z=z ¼ 0, respectively, as follows:
It can be shown that the absolute value of the slope of the demarcation line for a constant γ, which is ð1 − γ λ λ g Þ, exceeds the one for a constant z, which is given by γ u =s p π, as long as the short-run stability condition (9) is fulfilled. Thus, the demarcation line for a constant γ is steeper than the one for a constant z. Also the vertical intercept of the demarcation line for a constant γ must exceed the one for a constant z, since
again due to (9). Now we can illustrate the long-run co-evolution of z and γ using Figure 3 , where the long-run equilibrium of our model is given by point E, which is unique and stable. Most of the discussions about comparative analyses for the medium run carry over to the long run, as can be verified by checking equations (19) to (23). Clearly an increase in the share of profits, π, leads to an increase in the long-run value of the autonomous consumption-to-capital-stock ratio, z ÃÃÃ . However none of the long-run rates of accumulation, capacity utilization, and technical progress are affected by the increase in the share of profits, while all of the average rates of accumulation, capacity utilization, and technical progress are lower during the traverse towards the fully adjusted position. In this sense, we can say that some of the main features of the Keynesian model are still valid, not only in the short run but also in the long run.
We can also analyse the long-run effects of a permanent increase in g z . Suppose the growth rate of autonomous consumption increases from g 0 z to g 1 z . In Figure 3 , this would shift up the demarcation line for a constant z in parallel fashion, while there is no change in the other demarcation line.
3 It is clear from (22) and (23) that in the new fully adjusted position γ ÃÃÃ is larger while z ÃÃÃ is smaller. At first, an increase in the growth rate of autonomous consumption decreases saving by capitalists, which increases the rates of utilization, accumulation, and technical progress in the medium run. This adjustment process is represented by the gray downward arrow in Figure 4 .
However, if we consider the longer time period, this should not be the whole story because now capacity is overutilized, at a rate which exceeds the target level. As a consequence, capitalists adjust their expectations, and this change in animal spirits in turn yields an upward shift of the accumulation curve. Moreover, this increase in the rate of accumulation pushes down the ratio of autonomous consumption to capital stock, again shifting the saving curve upward. The effects of this Harrodian adjustment are represented by the two black upward arrows in Figure 4 .
Despite the fact that the rate of utilization is brought back to its normal value, the long-run rates of accumulation and of technical progress take on a permanent higher value. As to the rate of utilization, all that can be said is that its average value during the traverse is higher than the normal rate of utilization. In their assessment of growth models based on autonomous demand components, Trezzini and Palumbo (2016, pp. 515-516) insist that it is important to take shifts in technical progress into account. Let us then examine the effects of an exogenous technological shift, that is, an increase in the growth rate of technical progress which presumably does not arise from the introduction of new machines. This is represented by an increase in λ 0 in our model. As is evident from (6), (7), and (8), there are positive effects on the rates of utilization of capacity, capital accumulation, and technical progress in the short run. Graphically, this change shifts the investment curve up, from g 0 to g 1 , and the productivity curve to the right both in a parallel fashion, as in Figure 5 , so that in the short run there is an increase in the rate of utilization, the rate of accumulation, and the rate of technical progress.
Moving on to the medium run, we should consider the effects on z, the autonomous consumption-to-capital-stock ratio. From (13), we see that
Let us assume that the economy was initially at ðz Apparently, there exist negative effects on the rate of capacity utilization, as can be confirmed algebraically from (16), and graphically from Figure 5 .
The effects on the rates of both accumulation and technical progress need more consideration. Algebraically, from (14) and (15), we can see that an increase in λ 0 leads to no change in the medium-run rate of accumulation, g ÃÃ , and a one-to-one increase in the rate of technical progress, λ ÃÃ . Thus, once more, comparing only the initial and terminal values of the rate of accumulation, we see that there is no change at all. However, when we consider the average values of the rate of accumulation during the whole duration after an exogenous increase in the growth rate of labor productivity in the medium run, we can conclude that there exist positive effects on the average rate of growth of the economy. Thus these results resemble those mentioned by Cesaratto et al. (2003, p. 49) in their discussion of the Sraffian supermultiplier mechanism, when they say that 'even when the effects of innovation on effective demand are positive, they are often level effects incapable of sustaining a higher growth rate of effective demand.'
The growth rate of labor productivity increases from λ ÃÃ 0 to λ Ã 1 in the short run. This is due to both the exogenous increase in λ 0 from λ 0;1 to λ 0;2 and the increase in the rate of accumulation from g ÃÃ 0 to g Ã 1 . However, moving on to the medium run, while the actual rate of accumulation adjusts to the exogenously given growth rate of autonomous consumption, the short-run expansionary effects are contained and the rate of productivity growth decreases back to λ ÃÃ 1 , which is still at a higher value than before the change in λ 0 . This is the reason why the medium-run rate of productivity growth falls short of the short-run one.
Finally, let us consider the long-run effects. In the long run, the negative mediumrun effect on the rate of capacity utilization is neutralized, and there is no effect left on the rates of either capacity utilization or accumulation, as is evident from (21) and (19). This is because the investment curve, which was shifted up in the medium run following the increase in productivity growth, comes back down to its original position while γ adjusts to regain the normal rate of capacity utilization. All of this also occurs because the saving curve comes back down to its original position, reflecting the decrease in the rate of accumulation in the long run, as shown in Figure 6 . This can also be seen by inspection of (23), which shows that z ÃÃÃ is impervious to changes in the autonomous component λ 0 of technical progress, while λ ÃÃÃ still has a one-toone relation to λ 0 (equation (20)).
In Figure 7 , it is demonstrated that an increase in λ 0 shifts down both demarcation lines by the same amount, as is clearly seen from (25) and (26). Hence there is no change in the long-run position of z, while γ decreases. The latter result can be derived by examining equation (22) .
Readers may be puzzled by the belief held by Cesaratto et al. (2003) , as well as the result obtained here, to the effect that an exogenous increase in the rate of technical progress will only have a transitory positive effect on the rate of accumulation. A contrario, to quote a recent paper, 'technical innovations may have a role in determining the pace of accumulation, something that has been stressed by many historians and economists in the analysis of historical processes of accumulation' (Trezzini and Palumbo 2016, p. 515) . But as Dutt (2015, p. 35 ) points out, if we wish the rate of technological progress to help set the pace of long-run growth, 'technological change has to have some effect on aggregate demand in addition to its effect on investment.' This could occur, for instance, if faster technical change also generates an increase in the growth rate of the non-capacity-creating autonomous components of effective demand, for instance autonomous consumption, because of the accelerated pace in the introduction of novel and fashionable products. The very same possibility is raised by Dutt (ibid., p. 36) when he writes that one could 'interpret technological change as leading to product innovation and thereby determining the pace of autonomous 4 This would imply making the 'autonomous' component of consumption a 'semi-autonomous component,' as Kalecki (1971, p. 174) would say, by writing it as a positive function of the rate of technical progress.
IMPLICATIONS FOR EMPLOYMENT
The present model provides additional implications for long-run employment, or rather the rate of growth of employment. Suppose our economy reaches its long-run equilibrium. Then the growth rate of output equals g z . Hence, in our model, the implied long-run growth rate of employment g e can be determined endogenously by subtracting the growth rate of labor productivity from the growth rate of output, as follows:
This relation implies that there exists a one-to-one relationship between the growth rate of employment and the growth rate of autonomous demand in the long run, with the latter determining the former, not the other way around. Moreover, we can say, provided the condition λ g < 1 is fulfilled, that there will be a positive relationship between the growth rate of employment and the growth rate of autonomous demand in the long run. As one would expect, this condition is likely to be satisfied, because, as reported by McCombie (2002, p. 106) , estimates of the Kaldor-Verdoorn effect, that is, of λ g , are in the 0.3 to 0.6 range, with more recent findings tending towards the former number. However, it can also be seen from the equation above that an increase in the autonomous component of technical progress (the part of technical progress which is not incorporated through investment) will lead to a one-to-one fall in the long-run growth rate of employment. This is the case despite the introduction in our investment function (3) of the assumption that technical progress induces faster accumulation. As noted above, this conclusion can only be evaded within this kind of model if we assume that faster technical change also generates an increase in the growth rate of the non-capacity-creating autonomous components of effective demand.
CONCLUSION
The Kaldor-Verdoorn law asserts that faster growth will induce faster technical progress. The idea that the recent productivity slowdown is an endogenous phenomenon reflecting the contraction in demand in the aftermath of the Great Recession seems to be getting wider acceptance.
5 Along these lines, we have incorporated an endogenous technical progress function into a neo-Kaleckian model of growth with a non-capacity-creating autonomous growth component and the Harrodian instability mechanism.
It is demonstrated that the model converges towards the normal rate of capacity utilization in the long run under fairly weak conditions. However, even with this Classical feature, the main tenets of the Keynesian/Kaleckian model are shown to be valid, not
